Introduction
Unbound forest roads must have low construction and maintenance costs. These low costs are a necessary requirement due to the limited value of the timber resource and the timescale involved between productive outputs. As a result, cheap road aggregates are sought after, which must be capable of sustaining the loads imposed by heavy forest trafficking. The aggregates must have adequate resistance to weathering, abrasion and erosion, and have adequate bonding to resist dislodging.
In road construction, it is the resistance to permanent deformation rather than the strength of the road material that is of importance. Resistance to deformation is achieved using dense, well-graded materials (Brown, 1981; Shen et al., 2005) . High permeability, high elastic stiffness and low variability are the major requirements for granular materials used in road construction.
In unbound forest roads constructed from granular material, repeated wheel loading can cause shearing of the materials that results in permanent deformations. Rutting is the cumulative vertical compression that occurs if the compressive strains are irrecoverable after the removal of the wheel load. A maximum permissible rut depth of between 40 mm (Powell et al., 1984) and 75 mm (Giroud and Han, 2004 ) is commonly used to classify pavement failure. Rutting at the surface is associated with rutting at the aggregate-soil interface. The rut depth, s (mm), may be calculated for geosynthetic, reinforced pavements from (Giroud and Han, 2004 where J is the aperture stability modulus of the geogrid (m N/ o ); r, the radius of the equivalent tire contact area (m); h, the depth of the completion layer (m); N, the number of loading cycles; P, the wheel load (kN), N c , the bearing capacity factor; f s , the maximum allowable rut depth (75mm); and c u , the undrained cohesion of the formation layer (kPa). The limited modulus ratio, R E , can be calculated from (Giroud and Han, 2004) :
where E cl and E fl are the completion layer and formation layer resilient moduli, respectively (kPa), and CBR cl and CBR fl are the California Bearing Ratios of the completion layer and formation layer aggregates, respectively (%).
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The objectives of this study were:
1. To design and build a cyclic load testing machine.
2. To classify sandstone and limestone shale aggregates that are used in Irish unbound forest roads, and to monitor their performance in the cyclic load testing rig.
Materials and Methods

Aggregate classification tests
The two completion materials examined were a good quality sandstone aggregate and a poor quality limestone shale aggregate. The sandstone aggregate originated from arenaceous sedimentary rock. It was non-calcareous, non-clayey and siliceous. The second completion aggregate -limestone shale -was also sedimentary but argillaceous in origin.
Aggregate samples were collected and stored in sealed bags. Excessively large particles (> 50 mm) were removed to aid compaction and the optimal water content (OWC) was determined using the Proctor test (BS 1377, Part 4, 1990) .
Placement of materials and instrumentation
The formation material was dried below the OWC and was compacted in 50 mm layers in a 1.2 m x 1.2 m bin, using a vibrating hammer fitted with a 150 mm square plate. The appropriate mass of water was added to each sample to increase the water content to its OWC (13.5 % ± 0.5%). The formation material was built to a 1000 mm depth and was then left for three days for its water content to equilibrate. The completion layer aggregates were placed on top of the formation material. In-situ dry density and water content in the layers were monitored using a nuclear density probe.
Four 100 mm-diameter pressure cells measured the resilient pressure due to the applied load in the formation material and were placed at heights of 300, 500, 700 and 900 mm above the bin base as the soil was compacted ( Figure 1) . Two large-range pressure cells LabVIEW TM was used to log the data from the transducers and pressure cells. The LabVIEW TM program was used in conjunction with an NB -M10 -16L -9 analog to digital (A/D) board, which had the capacity to log up to 8 separate input channels.
Loading rig construction
A cyclic-load testing machine was designed and constructed to apply pressures, similar to that of a truck tyre, to the aggregate materials ( Figure 1 50x10 3 cycles at an applied pressure of 500 kPa. 50x10 3 cycles at an applied pressure of 750 kPa. 50x10 3 cycles at an applied pressure of 1000 kPa.
Six full-scale tests were performed on the aggregates and are listed in Table 1 cycles at 1000 kPa, resulted in little deformation in the formation material (about 2 mm) at higher maximum resilient pressures (Kielty, 1997) . As the formation material was compacted in 50 mm layers, it was considered adequate to remove only the top 50 mm layer.
Results and Discussion
Aggregate classification tests
Classification tests, including tests for natural water content, Atterberg limits, specific gravity and particle size distribution, were carried out on both the formation and the completion materials in accordance with the British Standards.
The strength of the completion layer aggregates was also tested using the CBR test (BS The aggregate was a well-graded formation soil (Figure 2 ). The sandstone and the shale were both poorly graded. Table 2 lists the values obtained from the laboratory testing of the aggregates. The sandstone satisfies the 30% CBR limit but the shale fails the CBR test. The shale also had a poor MSSV while the sandstone was quite 'sound' and was well above the 75 % limit. The results for dry and wet AIV tests on each aggregate are below the limits (< 35 % dry and < 40 % soaked). The sandstone had the greatest resistance to abrasion and was well below the limit.
Resilient pressures
In Test 1 (250 mm-deep sandstone), at an applied pressure of 500 kPa, the pressure in Cell D -900 mm from the base of the bin -reduced from 36 kPa to 28 kPa ( Figure 3 ).
During the subsequent applied pressures of 750 kPa and 1000 kPa, the resilient pressure increased to 59 kPa and 62 kPa, respectively. In Test 2, reducing the aggregate depth to 150 mm increased the resilient pressure in Cell D. At the beginning of the first loading cycle, the resilient pressure dropped from 82 kPa to 70 kPa. At applied pressures of 750 kPa and 1000 kPa, the resilient pressure increased to 104 kPa and 132 kPa, respectively.
After the application of 10 mm of rainfall, the test was restarted at an applied pressure of 500 kPa. 
Resilient deflections
In Test 1, the resilient deflections ranged from 0.7 -1.2 mm during application of 500 kPa and 1000 kPa loading pressures. By reducing the sandstone depth to 150 mm in Test 2, the resilient deflections increased by 47%, 15% and 29% over the values measured at the equivalent loading pressures in Test 1. The addition of water to the sandstone had a significant effect on its resilient deflection. Over 4x10 3 loading cycles, at the 500kPa pressure, the resilient deflections rose from 1.0 mm to 1. were measured at similar applied loading pressures; these deflections were lower than for the sandstone.
Permanent deformations
In Test 1, a total permanent deformation of 2.9 mm was recorded in the 250 mm-deep sandstone after 150x10 3 loading cycles ( Figure 5 ). 60% of this deformation occurred after 1000 loading cycles at an applied pressure of 500 kPa. In Test 2, at a reduced aggregate depth of 150 mm, a similar permanent deformation was measured after 150x10 3 aggregates tested under the same number of loading cycles. In Test 6, the reduction in aggregate depth to 100 mm produced a total permanent deformation of 1.7 mm. Table 3 . These values were used to predict the rut depths -permanent deformations -using Eqn. 1 ( Table 4 ). The rut depths at three cycles -50,000, 100,000
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and 150,000 -were examined. The effectiveness of Eqn. 1 in predicting rut depths is dependent on: (i) the measured undrained cohesion of the formation soil and (ii) the E values of the formation and completion materials, estimated from SIGMA/W. In this study, the calculated values of the permanent deformations were, in general, of the same order as those measured in the loading rig (within 3 mm), except for (i) the 0.4 deep limestone shale layer after 50x10 3 loading cycles at 500 kPa, and (ii) the 0.15 m deep sandstone layer after 50x10 3 cycles at 500 kPa, followed by 50x10 3 cycles at 750 kPa and 50x10 3 cycles at 1000 kPa.
Conclusions
From the large-scale cyclic loading tests, the following conclusions were made:
1. The sandstone had very good resistance to deformation in a dry state and was able to withstand high applied pressures, up to 1,000 kPa, without excessive rutting.
2. Simulated rainfall of 10 mm had the effect of causing increased rutting in the sandstone aggregate and increased stresses in the subgrade soil.
3. The shale had poor resistance to rutting but the addition of a WMM layer greatly improved its performance.
4. The sandstone is a better roadbase material than the shale. The resilient moduli for the soils were estimated by calibrating the SIGMA/W finite element model of the soils and loadings to provide resilient deflections under the centre of the loading pad that were equal to the experimental results. 
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